The mammalian APOBEC3 proteins are an important component of the cellular innate immune response to retroviral infection. APOBEC3G can extinguish HIV-1 infectivity by its incorporation into virus particles and subsequent cytosine deaminase activity that attacks the nascent viral cDNA during reverse transcription, causing lethal mutagenesis. It has been suggested, but not formally shown, that APOBEC3G can also induce sublethal mutagenesis, which would maintain virus infectivity and contribute to HIV-1 variation. To test this, we developed a novel model system utilizing an HIV-1 vector and a panel of APOBEC3G-expressing cells. We observed proviruses with single APOBEC3G-mediated mutations (in the presence or absence of Vif), occurring at distinct hot spots and which could be rescued and shown to have infectivity. These data indicate that APOBEC3G-dependent restriction of HIV-1 can result in viable viral progeny that harbor sublethal levels of G-to-A mutations. Such mutations have the potential to contribute significantly to HIV-1 evolution, pathogenesis, immune escape, and drug resistance.
HIV-1 variation is the primary cause behind the difficulty in developing an AIDS vaccine and why resistance to antiretroviral therapies can occur. HIV-1 variation is compounded by the fact that the virus has a high replication rate and a large population size. HIV-1 variation itself is due to several factors, including RNA polymerase II transcription errors (35, 45) , minus-and plus-strand reverse transcription mistakes, and potentially direct contributions from cellular APOBEC3 (A3) proteins (34, 36) . Nucleoside triphosphates and deoxynucleoside triphosphate (dNTP) levels also have direct effects on polymerase fidelities (2, 23) . However, reverse transcriptiondependent mutations are still generally regarded as the single largest source of HIV-1 variation.
The seven human A3 proteins, A3A to -H, are DNA cytosine deaminases that have the capacity to cause retroviral and retrotransposon guanine-to-adenine (G-to-A) hypermutations (reviewed in references 9, 13, and 29). APOBEC3G (A3G) is the best-studied member of the family. A3G has the capacity to specifically incorporate into HIV-1 particles, and Vif limits A3G virion incorporation via E3-mediated ubiquitination and degradation (7, 15, 39) . During reverse transcription, A3G can deaminate viral cDNA cytosines to uracils (C to U). The completion of reverse transcription fixes these DNA lesions as genomic strand G-to-A mutations. Many studies have reported G-to-A mutations in patient-derived proviral DNA sequences, often occurring within the A3G 5Ј-GG-to-AG dinucleotide contexts (minus strand, 5Ј-CC-to-CU). These observations stand as the best indirect evidence that A3G can mutate HIV-1 in vivo, despite the fact that the viral auxiliary protein Vif can prevent A3G encapsidation by triggering its degradation.
Numerous studies have documented A3G-dependent HIV-1 hypermutation (for example, see references 18, 30, and 44) . The sheer number of G-to-A mutations (often over 5% of the Gs) and the fact that these often result in stop codons, such as the tryptophan codon TGG mutating to TAG, TAA, or TGA) suggest that A3G may invariably lead to lethal mutagenesis of HIV-1 (an all-or-none model). However, on a larger population level, it is difficult to imagine that encapsidated A3G always leads to lethal levels of mutation. For instance, we have shown in long-term cell culture experiments that HIV-1 can evolve independently of Vif to tolerate high levels of A3G and that these viral isolates accumulate 10-fold more G-to-A changes per kilobase of proviral DNA than wild-type viruses (17) . Here, we performed experiments to directly test an alternative hypothesis, that A3G encounters can also lead to sublethal levels of G-to-A mutations in HIV-1 (16) . A panel of cell lines was established to express a 250-fold range of A3G, and we examined the infectivity and G-to-A mutation profiles of Vif ϩ and Vif Ϫ HIV-1. We observed (i) G-to-A mutations in the presence and absence of Vif, (ii) G-to-A mutations in distinct hot spot motifs, and (iii) G-to-A mutations at some of the same A3G-dependent hot spots in infectious viruses. These data indicate that A3G-mediated restriction of HIV-1 can result in replication-proficient viral progeny that contain sublethal levels of G-to-A mutations. It is possible that analogous A3G-dependent mutations contribute to HIV-1 variation in vivo.
CD24 (HSA) inserted into the nef gene. An internal ribosome entry site (IRES)-enhanced green fluorescent protein (GFP) sequence was cloned directly after the HSA gene into the XhoI restriction site. The resulting plasmid was named pHIG, for the HSA-IRES-GFP vector cassette encoded by the resulting HIV vector. A Vif Ϫ version of this plasmid was constructed by deleting nucleotides 263 and 264 in Vif, resulting in a frameshift mutation. The G protein of vesicular stomatitis virus (VSV-G) envelope expression plasmid HCM-VG was used to pseudotype virions and was a kind gift from J. Burns (UCSD).
Cells. Stable A3G-expressing cell lines were created by transfecting 293 cells with pRH702 (pcDNA3.1 ϩ -A3G-3ϫHA), selecting via G418 resistance, and screening for clones expressing A3G. Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% FetalClone 3 (FC3; HyClone), 1% penicillin-streptomycin (Invitrogen), and 225 g/ml G418 (original selection in 900 g/ml). CEM-GFP cells were obtained through the AIDS Research and Reference Reagent Program from Jacques Corbeil and were maintained in RPMI medium with 10% FC3, 1% penicillin-streptomycin, and 500 g/ml G418 (12) . CEM and CEM-SS cells were a kind gift from Michael Malim. Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood obtained from Memorial Blood Center (St. Paul, MN) using the Ficoll-Paque Plus reagent (Amersham Biosciences).
Transfections and infections. Cells were transfected using the calcium phosphate method as previously described (11) . Medium was changed 18 h later by adding DMEM with 10% FC3, 1% penicillin-streptomycin, and 20 mM HEPES. Twenty-four hours after this medium change, viral supernatants were harvested and passed through 0.2-m filters. CEM-GFP cells were infected by adding 100 l of viral supernatant with 2 g/ml Polybrene. Eighteen hours postinfection, the medium was replaced with fresh medium, and the cells were incubated for an additional 48 h prior to harvesting. An HIV-1 capsid (p24) protein enzymelinked immmunosorbent assay (ELISA) was conducted to normalize p24 levels used for infection with the remaining viral supernatant.
Flow cytometry. Flow cytometry was used to detect viral infectivity (via GFP expression) and mutations (via lack of expression of the HSA reporter gene). To stain for HSA expression, infected cells were centrifuged and the cell pellet was resuspended in phosphate-buffered saline (PBS) with R-phycoerythin-conjugated anti-CD24 monoclonal antibody (BD Pharmingen). Following a 15-min incubation, cells were centrifuged and resuspended in PBS with 2% HyClone FC3 from Thermo Scientific and Alexa Fluor 647 goat anti-rat IgG (Invitrogen). After a second 15-min incubation, cells were pelleted and resuspended in PBS with 1% FC3 and 1% paraformaldehyde. A minimum of 10,000 gated cells were analyzed per sample using a BD FACScan flow cytometer (BD Biosciences).
HIV-1 capsid (p24) ELISA. To normalize the infection data by the amount of virus added, a p24 ELISA protocol was performed on the viral supernatants. An overnight incubation of rabbit HIV-1 sf2 p24 antiserum from the AIDS Research and Reference Reagent Program was used to coat the plates. The plates were then washed with PBST (PBS with 0.5% Tween 20) and blocked with 3% milk in PBST for 1 h. During this step, viral supernatants were mixed with PBS plus 0.1% Empigen and incubated at 56°C for 30 min. Viral samples and a protein standard obtained from the AIDS Research and Reference Reagent Program and HIV-1 SF2 p55 Gag from Chiron Corporation and the Division of AIDS, NIAID, were added, and the plate was incubated at 37°C for 1 h. After washing with PBST, HIV-1 p24 mouse monoclonal antibody from the AIDS Research and Reference Reagent Program through Bruce Chesebro and Kathy Wehrly was added with 1% milk (8, 40, 42) . The plate was then incubated for 1 h at room temperature. After washing with PBST, anti-mouse IgG-peroxidase (Roche) in 1% milk was added and the plate was incubated for 30 min. This was followed by washes with PBST and washes with PBS. To develop the plates, 3,3Ј,5,5Ј-tetramethylbenzidine (TMB) was added to each well. This reaction was stopped with 1 M sulfuric acid, and the absorbance of the plates was then read at 450 nm.
Immunoblot analysis. A3G expression in stably transfected 293 cells was determined by immunoblot analysis. Briefly, cell lysates were run on an SDS-PAGE gel and transferred to nitrocellulose. Anti-hemagglutinin (HA) antibodies (Covance) were used to detect A3G-HA levels, and detection of tubulin (antibody from Sigma) was used as a loading control with an anti-mouse IgGperoxidase secondary antibody from Roche. A3G in primary cells was detected using an anti-A3G antibody obtained from the NIH AIDS Research and Reference Reagent Program via Jaisri Lingappa, and anti-rabbit Ig horseradish peroxidase-linked whole antibody (Amersham Biosciences) was used as the secondary antibody.
Isolation of proviral DNA. CEM-GFP cells infected with single-round replication-competent virus were sorted at the University of Minnesota's Masonic Cancer Center on a FACSAria cell sorter. The HSA Ϫ /GFP ϩ population of cells was sorted into a new tube containing PBS with 2% FC3. An average of 7,000 to 14,000 cells per sample was collected. The cells were then transferred to 1.5-ml tubes, and 75,000 uninfected carrier cells were added. The samples were then centrifuged at 200 ϫ g for 5 min, the supernatant was removed, and the cell pellets were resuspended in PBS. The Roche High Pure PCR template preparation kit was then used to isolate genomic and integrated proviral DNA.
Mutation detection in the HSA target gene from recovered proviral DNAs. A nested PCR primer set was used to amplify the HSA target gene region in proviral DNAs recovered from infected cells. The outer primers used were ϩNL4-3 8400-20, GGCCCGAAGGAATAGAAGAAG, and ϪNL4-3 9000-20, TGGTCTTAAAGGTACCTGAGG; the inside primers were ϩHSA, ACTTGC TCAATGCCACAGCC, and ϪHSA, CAAACGCACACCGGCCTTATT.
First-round PCR products were purified using the GenElute PCR clean-up kit (Sigma) according to the manufacturer's instructions. Second-round PCR products were immediately cloned into the pCR2.1 vector (Invitrogen) or pGEM-T (Promega). Products were then sequenced at the University of Minnesota's Biomedical Genomics Center.
Infectivity analysis of HIV-1 vector proviruses exposed to A3G. To determine if A3G-mutated proviruses were still capable of a second round of replication (sublethally mutated), single-round replication-competent virus was produced as described above and 293T cells were infected. Forty-eight hours postinfection, excess virus was removed by washing with PBS. Cells were then transfected with HCM-VG to complement integrated proviruses still capable of replication. Supernatant containing second-round infectious progeny was then added to fresh 293T cells and incubated for 24 h. Following a medium change, the cells were incubated for an additional 24 h prior to extracting genomic/proviral DNA as described above. Digestion with a restriction enzyme (SmaI) was performed prior to the first round of PCR to enrich for mutated sequences as described previously (20) .
RESULTS
A3G expression levels correlate with virus infectivity. Several studies have reported a dose-dependent relationship between A3G levels, virus infectivity, and hypermutation loads (18, 24, 32, 33, 43) . We used this work as a foundation to establish a system to test for HIV-1 sublethal mutagenesis. We first constructed a panel of cell lines that stably express a range of A3G levels. Clonally expanded stable cell lines provide the benefit of near-homogeneous gene expression throughout the cell population and are better controlled and less variable than transient transfection.
The A3G stable lines were used in a single replication cycle assay, depicted in Fig. 1A . This assay uses a vector virus with two reporter genes, HSA and GFP, which serve as markers for mutant frequency and infectivity, respectively. Figure 1B shows the results of these experiments, arranged in order from lowest expression to highest A3G expression, as determined by immunoblot analyses (Fig. 1C) . Infectivity of both Vif ϩ HIV and Vif Ϫ HIV decreased as A3G levels in the producer cells increased, with an overall 4.4-fold decrease in intact HIV and a 200-fold decrease across the panel in Vif Ϫ HIV. Immunoblot analysis confirmed that levels of A3G packaged into viral particles correlated to expression levels of A3G in the stable cell lines ( Fig. 1D and E) .
To determine if the stable cell line panel expressed A3G within a physiologically relevant range, the highest-expressing A3G cell line (i.e., cell line number 10) was compared to T-cell lines and PBMCs from multiple donors via Western blotting. As shown previously (38) , the T-cell line CEM-SS did not express A3G at detectable levels, whereas CEM cells and PBMCs expressed levels of A3G similar (and not statistically different) to those of cell line number 10 ( Fig. 2) .
Mutant frequency and G-to-A point mutations correlate with A3G expression. Since A3G produces G-to-A mutations in proviral DNA, we next examined if the expression level of A3G correlated with viral mutant frequency by using the sin- gle-cycle replication assay (Fig. 1) . Mutant frequency was calculated by dividing the HSA Ϫ /GFP ϩ cells by the total number of GFP ϩ cells (i.e., mutant infected over total infected). This system scores for phenotypically HSA-negative mutants and is not a measure of total point mutations. Predictably, virus produced in the absence of Vif showed mutant frequencies that correlated with A3G expression levels (Fig. 3) . In contrast, the Vif ϩ viruses did not show the same correlation and, interestingly, those expressed with any level of A3G had a modest 2-fold-higher mutant frequency than virus produced in the absence of A3G.
The lack of direct correlation between the infectivity data in Fig. 1 and the mutant frequency data in Fig. 3 may be due to the HIV-1 reporter assay used, which relies upon HSA and GFP. As A3G expression increases, the likelihood of mutations eliminating expression of both markers increases. Such mutants and their infection events are not detected in the assay.
To determine if the increased mutant frequency is due to the cytidine deaminase activity of A3G, proviral DNA was isolated from HSA-negative target cells (i.e., HSA Ϫ /GFP ϩ infected cells). The HSA gene was amplified via nested PCR, cloned, and individually sequenced. Figure 4 shows that with increasing A3G levels in the producing cell line, a correlating increase in the percentage of G-to-A point mutations was observed, with the percentage reaching about 80% of the total point mutations. It is expected that at some mutational load, G-to-A mutations in the HSA gene of the HSA Ϫ /GFP ϩ population would be saturated, and beyond this point the mutational load would drive these viruses to the GFP Ϫ /HSA Ϫ cell population. Our data suggest that this occurred prior to cell line 6 in either the presence or absence of Vif, due to the saturation of G-to-A mutations at 80%. In proviruses produced from control 293T cells, G-to-A point mutations represented 40% of total mutations in Vif Ϫ provirus and 23% of the mutations in Vif ϩ provirus. The 40% G-to-A levels are similar to what has been previously reported and are attributed to G-to-A mutations likely generated by HIV-1 reverse transcriptase (1, 31, 41) . It is unlikely that the G-to-A mutations in the proviruses produced from 293T cells are due to A3G (or any other APOBEC), since they were found at random locations not associated with the A3G hot spots. Vif has been shown to interact with reverse transcriptase (RT) during reverse transcription (5, 6, 25) and may explain the difference between the Vif ϩ and the Vif Ϫ controls. To account for the possible differences in the baseline mutant spectrum, Vif ϩ and Vif Ϫ proviruses exposed to A3G were compared to the corresponding Vif Ϫ or Vif ϩ controls.
Identification of shared A3G hot spots in Vif
؉ and Vif ؊ provirus. Given that the expression of A3G correlated with an increase in the percentage of G-to-A mutations, we next examined whether A3G expression correlated with mutational load. In Fig. 5A , the total number of point mutations per individual 457-bp HSA sequence region was determined for Vif ϩ HIV. The mean number of point mutations in the control 293T cell line was 1.31, with a range of 1 to 3 mutations per sequence. This number reflects APOBEC3-independent mutations as well as those attributable to PCR and cloning. Although the average number of point mutations increased to near 2 (1.74, 1.71, 2.33, and 1.72) with as many as four point mutations identified in sequences from virus produced in the presence of A3G, this increase was not statistically different from the control.
However, with Vif Ϫ HIV there was a statistically significant difference between the control (mean, 1.47 mutations per sequence; range, 1 to 3) and the A3G-exposed viruses (low-end mean, 1.87 mutations per sequence, and range, 1 to 9; high-end mean, 6.90 mutations per sequence, and range, 1 to 14) (Fig.   FIG. 3 . Mutant frequency analysis. The viral mutant frequency of vector virus produced from stable A3G-expressing cell lines is shown as the average of at least three separate experiments Ϯ standard deviations. Expression levels of HSA and GFP in target cells were assayed by flow cytometry as described in Materials and Methods. Mutant frequency was calculated as follows: (HSA ϩ /GFP ϩ cell population; however, one mutation was the lowest level identified, since we excluded wild-type provirus by sequencing the HSA Ϫ population only. By sequencing the HSA Ϫ population, this assay identifies mutations that result in a phenotypic loss of HSA. However, since the majority of mutant sequences analyzed contained more than one mutation, our data set likely includes many silent mutations as well.
The locations of each point mutation for Vif ϩ HIV (Fig. 6A ) and Vif Ϫ HIV (Fig. 6B) proviruses from the HSA region sequencing were analyzed. Multiple bases were identified that had more than five G-to-A point mutations when virus was produced from different A3G-expressing cell lines, and these were defined as hot spots. No mutation hot spots were observed in virus produced from the control 293T cells. Hot spots identified in Vif Ϫ provirus had as many as 54 individual point mutations occurring at the same site, while the greatest number quantified for the Vif ϩ provirus in this study was 11. Importantly, most of the hot spots were detected in both Vif Ϫ and Vif ϩ proviruses, with the Vif ϩ provirus mutated to an overall lesser extent. This result is consistent with partial protection by Vif (i.e., sublethal mutation). A total of 17 hot spots were identified in the 457-bp sequenced region. There were a total of 35 GG dinucleotides in the sequenced region, and thus 43% were A3G hot spots, while 57% (20 sites) were not mutated or were mutated less than five times.
A3G-mutated proviruses are replication proficient: direct evidence for sublethal mutation. Sequences carrying as few as a single point mutation were identified across all A3G lines examined in detail, providing one line of evidence for A3G's ability to cause sublethal levels of mutation in the HIV-1 genome. To further investigate the ability of A3G to cause HIV-1 sublethal mutagenesis, we examined whether the mutated viruses were able to produce infectious progeny. Figure 7A shows the protocol used to generate virus capable of a second round of replication. As previously described, single-cycle rep- lication-competent virus was produced from either 293T cells or from the stable A3G-expressing cell lines. Stock 293T cells were infected with the single-round virus, after which they were transfected with the VSV-G expression plasmid. This would effectively rescue the env Ϫ provirus and allow viable proviruses to produce progeny capable of a second round of infection. The second-round virus was then harvested and fresh 293T cells were infected. Proviral sequences were amplified to determine if any viable progeny carried G-to-A mutations at previously determined A3G hot spots. The sequence data generated from these experiments are shown in Fig. 7B . Viable viruses carrying single mutations at A3G hot spots were identified in multiple sequences. As expected, sequences containing other diverse single-nucleotide substitutions were also observed. Interestingly, multiple mutations at GG or GA dinucleotides were also identified in individual second round viral sequences, suggesting a complex spectrum of viable A3G mutations is present in this system. The most likely source of most of the G-to-A mutations, especially those clustered within a single sequence, is concentrated point mutations via APOBEC3G activity. Another conceivable source is the possibility of recombination between a lethally A3G-restricted provirus and a viable provirus from a coinfected target cell.
DISCUSSION
In this study, we investigated whether A3G is able to contribute to HIV-1 variation by sublethal mutation. To quantify the effects of A3G on HIV replication and genetic diversity, we used single-cycle env Ϫ HIV-1 produced from cell lines that stably expressed A3G at near-physiologic levels. A3G hot spots were identified and were identical within Vif ϩ and Vif Ϫ viruses. These data strongly indicate that A3G can cause sublethal levels of G-to-A mutation in Vif ϩ viruses. In addition to A3G-catalyzed editing, there are clearly other sources of G-to-A mutations in the HIV-1 replication cycle. This is evident in the virus produced in the absence of A3G, which had G-to-A transition mutations scattered among many sites (Fig. 6 ). These mutations were likely due to mistakes made during reverse transcription (31), although cellular RNA polymerase II may also cause a minor fraction (35, 45) . Moreover, both RT and RNA polymerase II are clearly influenced by cellular dNTP concentrations (41) .
In addition to deaminase-dependent G-to-A mutational activity, A3G can inhibit HIV-1 RT (3, 14) , tRNA annealing or processing (15, 32) , integration (28, 32) , and/or DNA strand transfer (27, 32) . The role of these alternative activities in preventing HIV-1 pathogenesis is still under investigation. However, regardless of these other potential functions, our data clearly support the role of cytosine deaminase activity as a major factor in diminishing viral infectivity by G-to-A hypermutation, which has been directly addressed elsewhere (4, 19, 33, 37) . The mutational load in the HSA gene ranged from single base mutations to hypermutation (multiple G-to-A changes within the same sequence). A rescue experiment was done to determine if HIV could sustain an attack by A3G and maintain infectivity (Fig. 7) . We found evidence of single and multiple G-to-A mutations at A3G hot spots that correlated with A3G exposure during the first round of vector virus replication. This was observed across a range of A3G expression levels and in the presence or absence of Vif. While other studies have shown the presence of A3G-mediated mutations in Vif Ϫ virus, their infectivity was not determined (34, 36) . Two models can be proposed to explain the hypermutated sequences identified in Fig. 7 . First, the hypermutated sequences could have been introduced into the proviral sequence via recombination. A recent study showed that recombination could rescue hypermutated viral sequences and accelerate the rate of developing drug resistance (34, 36) . Second, A3G may be processive in concentrated regions, such as the HSA reporter gene, which is located near the polypurine tract. This viral DNA region remains single stranded for a longer period of time during viral DNA synthesis. It has been proposed that A3G acts on particular areas of the DNA, which are flanked by regions which cause A3G to disengage (4) . Also, in patients with predominantly hypermutated env sequences, vif was found to be largely normal, further suggesting that different sections of the viruses may be differentially susceptible to hypermutation (26) . Nucleotide sequencing of larger regions of viable proviruses in our study may help provide further insight into the origins of the hypermutated genomes.
Computational modeling supports the ability of A3G to cause sublethal mutations (21) . This is in contrast to reports that have suggested essentially an all-or-none model, whereby a single molecule (3) or dimer (4) of A3G causes hypermutation and loss of infectivity. The average A3G incorporation into Vif Ϫ virions produced from PBMCs is thought to be 7 Ϯ 4 (mean Ϯ standard deviation) molecules (with an A3G/Gag ratio of 1:439), a level known to extinguish replicating Vif Ϫ HIV-1 (43). Our results indicate that there is a wide range of mutational potential within a single HIV-1 replication cycle, such that all virions produced in the presence of A3G do not contain identical mutational loads. This suggests that either there is a range of A3G molecules incorporated per particle and/or that the A3G mutation efficiency differs in target cells during individual infection events. In summary, our data provide support for A3G-mediated sublethal mutagenesis of HIV-1. Further studies will be needed to evaluate the impact of sublethal mutagenesis on HIV-1 evolution, pathogenesis, drug resistance, and immune evasion.
